INTRODUCTION
============

Hydrodynamic drag resulting from the action of fluid viscosity not only results in large power requirements for water vehicles but also imposes an upper bound on vehicle speed. Extensive research efforts have been focused on drag reduction, and a variety of strategies have been developed, including fabrication of specific surface topographic features ([@R1], [@R2]), injection of viscoelastic polymer additives near the surface ([@R3], [@R4]), establishing a slip boundary condition ([@R5]--[@R13]), and, most recently, phase transition at the solid/liquid interface ([@R14]). In turbulent flows, the nonslip boundary condition at a solid/liquid interface results in skin friction drag that contributes to 60 to 70% of the total drag for large cargo ships and 90% for underwater vehicles ([@R15]), depending on the Reynolds number (*Re*) (*Re* = ρ*VL*/μ, characterizing the flow past the object). Numerous studies have sought to reduce skin friction drag by locally surrounding the immersed solid boundary with another low-viscosity fluid, creating an effective slip boundary condition ([@R5]--[@R12], [@R16]). The low viscosity of gases relative to that of liquids (typically on the order of 10^−3^ ≤ μ~v~/μ~l~ ≤ 10^−2^) makes them ideal candidates to serve as local lubricating fluids for promoting drag reduction ([@R8], [@R15]). This gas film can be created by submerging a textured superhydrophobic surface from air into water, leading to the trapping of microscopic gas packets in the surface texture, forming a Cassie-Baxter state ([@R17], [@R18]). The resulting partial slip boundary condition gives rise to a nonzero average value of the slip length $\left. \overline{\mathit{b}} = \mathit{V}_{\text{slip}}\mu_{l}/{\overline{\tau}}_{w} \right.$ (where *V*~slip~ is the slip speed at the wall and ${\overline{\tau}}_{w}$ is the average wall shear stress), leading to modest skin friction reduction typically in the range of 5 to 25% ([@R7], [@R19]--[@R22]). These levels of frictional drag reduction equate to reductions in fuel costs of 15 to 40%, depending on the water vehicle speed and its hull form. However, for a submerged superhydrophobic surface, the plastron is typically metastable; diffusion and pressure fluctuations tend to gradually deplete the gas layer, leading to the progressive loss of drag reduction over time ([@R23]--[@R26]).

To maintain a persistent lubricating gas layer, active delivery to (or generation of gas at) the solid/liquid interface is required ([@R15], [@R27]). One attractive approach is to create a lubricating vapor layer through film boiling, using waste heat generated from the power plant of an oceangoing vessel that can be redistributed across the wetted surface ([@R28]). Typical pool boiling curves for water on different surfaces are illustrated in [Fig. 1A](#F1){ref-type="fig"}. Initially, the heat flux increases as the intensity of nucleate boiling increases with the wall superheat (Δ*T* = *T*~W~ − *T*~sat~) until it reaches a local maximum---the critical heat flux (CHF). A further increase in superheat then leads to a decrease in heat flux as a continuous vapor film begins to form on the surface. The film reaches its maximum width and completely encompasses the body at the Leidenfrost temperature (*T*~L~) ([@R29]--[@R31]). The region to the right of this point is known as the film boiling regime and is the ideal operating regime for establishing a skin friction--reducing film or plastron. A recent example demonstrated that establishing a vapor film around a submerged sphere by initially superheating the body past its Leidenfrost temperature leads to significant drag reduction ([@R9], [@R16]). However, this transient observation only persisted over a short period of time before heat transfer across the film resulted in the sphere being cooled to below Leidenfrost temperature, and then the boiling film collapses back into the nucleate boiling regime, with a concomitant increase in frictional drag.

![(**A**) A schematic of pool boiling curves on three surfaces with different physicochemical properties: a smooth hydrophilic surface (red dashed), a smooth hydrophobic surface (black dotted), and a textured superhydrophobic surface (blue solid). As the superheat \[Δ*T* = *T*~w~ − *T*~sat~, defined as the wall temperature (*T*~w~) minus the saturated water boiling temperature\] increases, the heat flux (*q*) increases until it reaches a local maximum (CHF), followed by decreasing to a local minimum corresponding to the Leidenfrost temperature (*T*~L~), before increasing again. Compared to a smooth hydrophilic surface, a suitably textured superhydrophobic surface can smoothly transition to a Leidenfrost state without a CHF. (**B**) We determine the Leidenfrost transition by measuring the lifetime of a droplet (with an initial volume of 10 μl). As the wall temperature increases, the lifetime (Φ) decreases rapidly until it reaches a minimum and then rapidly increases to a local maximum (corresponding to *T*~L~) as the vapor film of the Leidenfrost state is fully established. The measured droplet lifetime at *T*~w~ = 125^o^C increases from \~5 s on the smooth hydrophilic or smooth hydrophobic surfaces to approximately 75 s on the superhydrophobic textured surface.](1600686-F1){#F1}

Creating a sustained boiling film requires substantial power input, depending on the roughness and wettability of the surfaces ([@R32]--[@R34]). The values of CHF and *T*~L~ for metals, such as smooth aluminum, are approximately CHF ≈ 500 kW/m^2^ and *T*~L~ ≈ 270°C ([@R35]). However, using textured superhydrophobic surfaces can substantially reduce these values ([@R32], [@R34]). The lowered surface energy and three-dimensional (3D) texture result in an energetically favorable Cassie-Baxter state ([@R36]). Limited heat transfer occurs through the small areas of contact between the surface topography and the wetting liquid. Therefore, heating the surface results in a rapid transition to film boiling with no or little nucleation taking place ([@R34]). Here, we take advantage of the low-temperature Leidenfrost characteristic of a superhydrophobic surface to minimize the power input required to sustain a lubricating vapor film on the surface of a rotating cylinder immersed in a liquid in a Taylor-Couette cell. We show that active heating leads to 80 to 90% drag reduction with respect to the unheated state. From our measurement of the torque/velocity relationship and an appropriate model for the boundary condition at the surface of the turbulent flow, we extract a slip length of *b* = 1.04 ± 0.26 mm.

RESULTS AND DISCUSSION
======================

Using superhydrophobic surfaces substantially lowers the heat flux to establish the Leidenfrost state ([@R34]). This marked change in local boiling condition can be quantified by tracking the evaporation rate of a droplet as a function of surface temperature ([@R35]). As shown in [Fig. 1B](#F1){ref-type="fig"}, we characterize *T*~L~ by measuring the lifetime of a droplet as a function of surface temperature for three surfaces with different physicochemical properties. As the surface temperature of a smooth untreated silicon substrate increases, the lifetime decreases rapidly until it reaches a minimum and then rapidly increases to a local maximum followed by another slow decrease. The local maximum in the droplet lifetime corresponds to *T*~L~, where the heat flux is at its local minimum \[[Fig. 1A](#F1){ref-type="fig"} shows a schematic of pool boiling curves for three different types of surfaces; quantitative measurements of the boiling curves for these surfaces have recently been reported by Fan *et al*. ([@R34]); see also the Supplementary Materials in Vakarelski *et al*. ([@R33])\]. A smooth hydrophilic surface (for example, bare silicon wafer with a water-advancing contact angle of θ~adv~ = 34 ± 2° and a water-receding contact angle of θ~rec~ = 0°) is determined to have *T*~L~ = 230°C, whereas a smooth hydrophobic surface (silicon wafer functionalized with perfluorooctyltriethoxysilane, θ~adv~ = 121 ± 1° and θ~rec~ = 89 ± 2°) lowers the Leidenfrost temperature to *T*~L~ = 160°C. A properly treated metallic superhydrophobic surface (for preparation details, see Materials and Methods) can smoothly transition to a Leidenfrost surface without any clear indication of a CHF ([@R33]). However, other published experimental results suggest that a small minimum in the droplet lifetime (corresponding to a CHF) may persist for other types of superhydrophobic surfaces ([@R32], [@R34], [@R37]), albeit with large experimental uncertainty. This picture is consistent with our observations, shown in [Fig. 1B](#F1){ref-type="fig"}, for the temperature dependence of the lifetime of a drop on a superhydrophobic surface. The data show a shallow but reproducible minimum, consistent with a small CHF. The smoothness and monotonicity of this transition will depend on three-phase contact line pinning events beneath the boiling droplet and other local features of the surface topography, and further research is required to resolve the precise details of the transition. As shown in [Fig. 2A](#F2){ref-type="fig"}, the water-advancing and water-receding contact angles on this superhydrophobic surface are θ~adv~ = 161 ± 1° and θ~rec~ = 160 ± 1°, respectively. In [Fig. 2B](#F2){ref-type="fig"}, two superhydrophobic cylindrical Couette rotors (used in the subsequent drag reduction experiments) with identical dimensions are immersed in water. The rotor on the right is kept at room temperature and appears dark owing to a partially wetted boundary, whereas the rotor on the left is superheated to 125°C, leading to a continuous vapor film, which appears as a silvery plastron.

![A low-temperature Leidenfrost superhydrophobic surface.\
(**A**) A water droplet on the superhydrophobic surface, exhibiting a contact angle of θ = 160*°*. (**B**) Two identical superhydrophobic rotors immersed in water. The rotor on the left is at 125°C, showing a thick, continuous vapor film. The rotor on the right is at room temperature and consequently has no observable vapor film. (**C**) A scanning electron micrograph of the superhydrophobic surface. (**D**) An atomic force micrograph showing the 3D profile of the same surface. The surface roughness parameters calculated from this profile correspond to a mean square roughness of *R*~q~ = 0.55 μm and a fractal Hurst exponent of *H* = 0.76.](1600686-F2){#F2}

We prepare such a superhydrophobic surface by creating controlled microstructures through etching 6061 aluminum in a solution of 18 weight % (wt%) hydrochloric acid for 90 s, followed by passivation in a furnace at 600°C for 24 hours, which helps to reduce the rate of boehmitization of the metal in boiling water in the later experiments ([@R38]). The textured metal is rendered superhydrophobic by immersing it in a solution of perfluorooctyltriethoxysilane and hexane (7 μl/ml) for 24 hours, folowed by baking it in an oven at 120°C for 1 hour to ensure covalent chemical bonding of silane molecules to the surface. Although a number of different methods for preparing superhydrophobic surfaces exist, one advantage of this approach is that it can treat metal objects of arbitrary shape, such as Taylor-Couette rotors that can be used in standard rheometers to quantify the torque-speed relationship. Moreover, in contrast to the spray-on polymer-based surface textures we have used previously ([@R7]), which tend to anneal and smooth above their glass transition temperatures, the texture on the etched aluminum surface and the chemically attached silane molecules can be stable up to 300°C, which is ideal for high-temperature applications. These advantages allow for the repeatable and high-precision fabrication of a cylindrical Taylor-Couette rotor with a uniform and thermally stable superhydrophobic surface. [Figure 2](#F2){ref-type="fig"} (C and D) shows a scanning electron micrograph and an atomic force micrograph of the superhydrophobic surface, respectively. The former highlights the randomly rough texture uniformly distributed over a large area, whereas the latter shows the local 3D profile of the superhydrophobic surface texture, from which the averaged height-height correlation function (*g*(*r*) = (*H*(x′ + *r*) − *H*(*x*′))^2^) can be computed. This allows the calculation of the root mean square roughness (*R*~q~ = 0.55 μm) and the Hurst exponent of the fractal surface structure (*H* = 0.76) (details are shown in fig. S2). Because of the small value of the surface roughness, our unheated superhydrophobic surface only traps small air pockets and therefore appears dark on the right rotor in [Fig. 2B](#F2){ref-type="fig"}. Measurements of the torque-speed relationship show that, without active heating, the small value of the surface roughness leads to negligible drag reduction in comparison to a smooth, nonsuperhydrophobic rotor.

Although towing tanks, flow channels, and transient free-fall experiments have been used in previous studies ([@R9], [@R16]), to access turbulent flows and high *Re*'s and to extract the skin friction component of the total drag, a bespoke wide-gap Taylor-Couette cell was used in this study. The advantages of using the Taylor-Couette cell for studying multiphase turbulent flows and for investigating the interaction of turbulence with superhydrophobic walls have recently been reviewed by Grossmann *et al*. ([@R39]). The torque transducer of a controlled stress rheometer (TA Instruments AR-G2) was used to measure the torque with high accuracy (as low as ±0.01 μN⋅m) while imposing a fixed angular velocity upon the submerged rotor. We calibrated the torque sensor by using well-characterized Newtonian fluids (the calibration oils were from Cannon Instrument Company), and the accuracy that can be attained is ±5%. Comparing the torque required to rotate a superhydrophobic rotor undergoing film boiling by active heating (Γ~active~) to the torque for maintaining the same superhydrophobic rotor at the same angular velocity without active heating (Γ~passive~) allows for direct determination of the skin friction drag reduction$$\text{Skin\ friction\ reduction} = \frac{\Gamma_{\text{passive}} - \Gamma_{\text{active}}}{\Gamma_{\text{passive}}}$$

The Taylor-Couette rotor must be continuously heated during operation to maintain the film boiling state. Common technologies, such as inductive heating and slip rings, lead to unacceptable levels of noise in the torque acting on the rotor. To reduce these fluctuations, we designed a novel liquid metal interconnect that enables electrical power input to be delivered to an embedded resistive heater within the rotor. As illustrated in [Fig. 3](#F3){ref-type="fig"} (A and B), a cylindrical heater element was embedded along the rotation axis of the rotor, with power transmitted to it from a variable ac transformer via liquid metal contact. A eutectic alloy of gallium, indium, and tin (68.5%/21.5%/10% by weight; GalliumSource) was chosen as the liquid metal because of its low viscosity (0.0024 Pa ⋅ s), low melting point (−19°C), and high electrical conductivity (3.46 × 10^6^ S/m) ([@R40]). Therefore, the only additional torque exerted on the rotor during heating was the frictional drag exerted by the low-viscosity liquid metal on the two moving contact wires. The resulting torque signal is measured to be 1050 μN⋅m, with a small SD of ±6.2 μN⋅m, as indicated by the black dashed lines in [Fig. 4](#F4){ref-type="fig"}.

![Schematic illustrations of the Taylor-Couette cell setup and velocity profile in the cell.\
(**A**) Top view showing the electrical connection from the external power source through liquid metal channels, with the heater represented as a resistor. (**B**) Front view of the full setup showing the heater embedded in the rotor and the liquid metal channels mounted upon the Taylor-Couette cell. (**C**) A schematic illustration showing a rotating inner rotor of radius *R*~i~ operating above the Leidenfrost temperature *T*~L~, generating a vapor film of thickness *h* in a cell of radius *R*~o~. (**D**) Turbulent fluid velocity profile in the Taylor-Couette cell showing slip boundary condition at the interface of the water and the inner rotor due to the existence of the vapor film. In the reference frame of the steadily rotating inner rotor, the outer wall now appears to be rotating clockwise with an angular velocity ω.](1600686-F3){#F3}

![Measured torque (green) for a single experiment (at an angular velocity of **ω** = 60 rad/s, corresponding to *Re* = 52,200) showing drag reduction by establishing a Leidenfrost vapor film.\
As indicated by the red curve, power is supplied to the embedded heater for the first 300 s, resulting in a lower measured torque with active heating. When the electrical heating is turned off, the frictional torque steadily increases. To calculate the percent drag reduction arising from the Leidenfrost effect, the torque exerted by the liquid metal on the contact wires (as indicated by the black curve) must be subtracted from the measured torque.](1600686-F4){#F4}

As illustrated in [Fig. 3B](#F3){ref-type="fig"}, the submerged bottom face of the rotor was machined with a recess to trap an air bubble when submerged, serving to reduce additional end effects under rotation ([@R41]). The rotor was preheated to 160°C in air before submerging it into the water-filled Taylor-Couette cell. We built our Taylor-Couette flow cell to be mounted on a high-resolution controlled torque rheometer (TA Instruments AR-G2). The custom-designed rotor is mounted on the rheometer shaft through a plastic coupling that is precision-machined from a Torlon PAI (polyamide-imide; Solvay) ground rod. This plastic piece has a maximum operation temperature of about 260°C. Running at high electrical power results in the damage of this plastic connector and the loss of concentricity. To reduce the power input required to sustain film boiling, the water in the cell was also preheated to 86°C. Film boiling was established as soon as the preheated cylindrical rotor was immersed in the fluid, and the rotor was then accelerated to a specified angular velocity. A sample trace of the measured torque as a function of time for a representative experiment is presented in [Fig. 4](#F4){ref-type="fig"}. For the first 5 min, 40 W of power was continuously supplied through the liquid metal connector to the resistive heater embedded in the rotor. The torque required to maintain constant angular velocity was measured during this time. In [Fig. 4](#F4){ref-type="fig"}, the angular velocity tested was 60 rad/s, which corresponds to *Re* = 52,200 in our system. Subsequently, the power to the heater was turned off. The continuous vapor film, with no power input to sustain it, gradually collapses over the following 50 s, and the surface transitions to the nucleate boiling condition. The torque required to maintain the same angular velocity gradually increased over the transition time. During the entire experiment, the water temperature was found to rise slightly to 91°C. The liquid metal exerts a torque contribution upon the contact wires, which can be directly calibrated in each experiment. Subtracting the liquid metal torque contribution from the total measured torque determines the values of Γ~active~ and Γ~passive~. Comparing the values of these two torques using Eq. [1](#E1){ref-type="disp-formula"} then allows for the calculation of the skin friction drag reduction. At a rotation rate of 60 rad/s, the drag reduction relative to the superhydrophobic rotor without heating was measured to be 82 ± 12%, considerably higher than values previously achieved on a spray-coated superhydrophobic surface at ambient temperature with respect to a flat nonsuperhydrophobic surface ([@R7]). We have also performed additional experiments in which we switch the heater off, allowing the vapor film to collapse, and then switch the heater back on. As shown in fig. S3, the same level of drag reduction (within measurement uncertainty) can be reestablished by restoring a Leidenfrost vapor film, indicating that the drag reduction effect can be switched on and off as needed. However, we do notice that long time exposure to nucleation boiling in water can render the superhydrophobic aluminum surface hydrophilic, which is most likely due to boehmitization of the surface ([@R38]). Other low-temperature Leidenfrost surfaces with enhanced stability to the large thermomechanical stresses resulting from nucleate boiling can potentially solve this problem in practical applications ([@R32]).

This large skin friction drag reduction can be rationalized using an appropriate two-fluid layer theory. For simplicity, we work in a steadily rotating reference frame, and we consider a system with a stationary inner cylinder of radius *R*~i~ = 14 mm surrounded by a layer of steam of uniform thickness *h* in a water-filled cylinder of outer radius *R*~o~ = 34 mm steadily rotating at an angular velocity of Ω ([Fig. 3](#F3){ref-type="fig"}, B and C). The wetted height of the rotor in contact with water is *L* = 40 mm. We make use of the skin friction law derived by Srinivasan *et al*. ([@R7]) for turbulent flow adjacent to a superhydrophobic surface in a Taylor-Couette cell system, which posits that the dimensionless velocity in the viscous sublayer of the turbulent flow is shifted by a constant value, *b*^+^, that is given by the expression$$\frac{\mathit{V}_{i}}{\mathit{u}_{\tau}} = \mathit{M}~\text{ln}{\mathit{R}\mathit{e}}_{\tau} + \mathit{N} + \mathit{b}^{+}$$

[Equation 2](#E2){ref-type="disp-formula"} has also been validated using numerical simulations of turbulent shear flows near walls with a Navier slip boundary condition ([@R42], [@R43]). Here, *V*~i~ = Ω*R*~i~ represents the velocity of the inner rotor, $\mathit{u}_{\tau} = \sqrt{\left. \tau_{i}/\rho_{l} \right.}$ is the friction velocity, where $\left. \tau_{i} = \Gamma_{i}/(2\pi\mathit{R}_{i}^{2}\mathit{L}) \right.$ is the local wall shear stress acting on the rotor, Γ~i~ is the torque measured on the inner rotor, and ρ~l~ is the liquid density. *Re*~τ~ = *u*~τ~(*R*~o~ − *R*~i~)/*v*~l~ is the friction *Re* (where *v*~l~ = μ~l~/ρ~l~ is the kinematic viscosity of the liquid). The first two terms on the right-hand side of Eq. [2](#E2){ref-type="disp-formula"} pertain to an untreated, smooth, no-slip surface. *M* and *N* are geometry-dependent constants and are determined by fitting torque-speed data obtained with an untreated (nonsuperhydrophobic) and unheated rotor. Here, we use the unheated superhydrophobic rotor because the very small surface roughness leads to negligible drag reduction with respect to a smooth rotor. For this system, we find *M* = 3.8 ± 0.1 and *N* = − 12.5 ± 0.1. The presence of a local slip boundary condition on a heated superhydrophobic surface gives rise to the final term in Eq. [2](#E2){ref-type="disp-formula"}. Here, *b*^+^ is the dimensionless slip length expressed in wall units *b*^+^ = *b*/δ~v~, where δ~v~ is the viscous length δ~v~ = *v*~l~/*u*~τ~. As illustrated in [Fig. 3D](#F3){ref-type="fig"}, the slip length *b* physically represents the distance into the wall that the velocity profile must be extrapolated to give a nonslip condition at the wall ([@R44]). For the Taylor-Couette cell geometry, we have shown previously ([@R7]) that this dimensionless slip length can be written in the form$$\mathit{b}^{+} = \frac{\mathit{b}}{\delta_{v}} = \left( \frac{\mathit{b}}{\mathit{R}_{o} - \mathit{R}_{i}} \right)\mathit{R}\mathit{e}\sqrt{\frac{\mathit{C}_{f}}{2}}$$where $\left. \mathit{C}_{f} = \tau_{i}/(\frac{1}{2}\rho\mathit{V}_{i}^{2}) = 2\left. (\mathit{u}_{\tau}/\mathit{V}_{i}) \right.^{2} \right.$ is the coefficient of skin friction and *Re* = *V*~i~(*R*~o~ − *R*~i~)/*v*~l~ is the wall *Re*. For an experiment performed at a controlled rotation rate *V*~i~ = Ω*R*~i~ and a measured torque Γ~i~, the product $\mathit{R}\mathit{e}\sqrt{\left. \mathit{C}_{f}/2 \right.}$ is identical to the friction *Re* (*Re*~τ~ = *u*~τ~(*R*~o~ − *R*~i~)/*v*~l~), which is directly determined in the Taylor-Couette experiment.

We maintain the inner rotor at the same rotation speed (*V*~i~) with or without active heating. Thus, the skin friction reduction is reflected by the change in the coefficient of skin friction, and Eq. [1](#E1){ref-type="disp-formula"} can now be rewritten as$$\text{Skin\ friction\ reduction} = \frac{\Gamma_{\text{passive}} - \Gamma_{\text{active}}}{\Gamma_{\text{passive}}} = \frac{\mathit{C}_{\text{f,passive}} - \mathit{C}_{\text{f,active}}}{\mathit{C}_{\text{f,passive}}}$$

Combining [Eq. 3](#E3){ref-type="disp-formula"} with [Eq. 2](#E2){ref-type="disp-formula"} gives rise to the final expression$$\sqrt{\frac{2}{\mathit{C}_{f}}} = \mathit{M}~\text{ln}\left( \mathit{R}\mathit{e}\sqrt{\frac{\mathit{C}_{f}}{2}} \right) + \mathit{N} + \left( \frac{\mathit{b}}{\mathit{R}_{o} - \mathit{R}_{i}} \right)\mathit{R}\mathit{e}\sqrt{\frac{\mathit{C}_{f}}{2}}$$

Here, *V*~i~/*u*~τ~ and *Re*~τ~ are represented by the quantities $\sqrt{\left. 2/\mathit{C}_{f} \right.}$ and $\mathit{R}\mathit{e}\sqrt{\left. \mathit{C}_{f}/2 \right.}$, respectively. Drag reduction data were obtained for *Re*'s in the range 26,100 ≤ *Re* ≤ 52,000, and the results are plotted in [Fig. 5](#F5){ref-type="fig"}, along with a fit for the slip length obtained using Eq. [5](#E5){ref-type="disp-formula"}. The agreement between theory and the experimental data is excellent. The vertical blue dashed line indicates the critical *Re*, *Re*~c~ = 1.2 × 10^4^, beyond which the flow in this wide-gap Taylor-Couette cell can be considered to be fully turbulent ([@R7]). Drag reduction in turbulent flow on a passive superhydrophobic surface is small at low *Re*'s and increases to a maximum of 22% at *Re* = 80,000 ([@R7]), whereas the turbulent drag reduction on our low-temperature Leidenfrost surface approaches 80 to 90% at much lower *Re*'s. The regression of Eq. [5](#E5){ref-type="disp-formula"} (the black curve in [Fig. 5](#F5){ref-type="fig"}), with the single unknown parameter being the slip length, corresponds to a slip length of *b* = 1.04 ± 0.26 mm, which is two orders of magnitude larger than that measured for a passive superhydrophobic surface ([@R7]). The larger slip length arises from two complementary factors: First, the vapor layer is continuous, leading to a complete slip boundary condition around the rotor (rather than a partially wetted Cassie-Baxter state); second, as we show below, the vapor layer is much thicker than the local air layer trapped by a typical superhydrophobic surface.

![Skin friction reduction in a turbulent Taylor-Couette flow resulting from the low-temperature Leidenfrost effect.\
Fitting the experimental results (represented by red dots) using Eq. [5](#E5){ref-type="disp-formula"} gives a slip length of *b* = 1.04 mm (indicated by the black curve). The dashed blue line marks the transition to turbulent flow at *Re* = 12,000. The evolution in dimensionless slip length *b*^+^ with $\sqrt{\mathit{R}\mathit{e}}$ is shown in the inset plot, indicating excellent agreement between experiment and theory.](1600686-F5){#F5}

We calculate the thickness of the vapor layer by relating it to the slip length *b*. Although the bulk flow is turbulent in nature (*Re* \> *Re*~c~ = 1.2 × 10^4^), the flow in the region of interest (close to the wall, in the viscous sublayer) is dominated by viscous interactions. Moreover, very close to the wall, the Reynolds stresses in the flow can be neglected, leading to a mean velocity profile that is linear ([@R45]). This region is known as the linear sublayer and extends out from the wall to at least *y*^+^ ≃ 3, where *y*^+^ = *y*/δ~v~ represents nondimensional wall units. Here, *y* is the physical distance from the wall, and δ~v~ is the viscous length scale. For the flows considered in this study (*Re* = \[26,100, 52,200\]), the viscous length scale is calculated to be δ~v~ = \[32.7, 22.3\] μm. Therefore, the linear sublayer region has a thickness in the range of 3δ~v~ = \[98.1, 66.9\] μm. These considerations allow us to adopt a laminar model to estimate the slip length. Because the thickness of the linear sublayer (3δ~v~) is two orders of magnitude smaller than the rotor radius (*R*~i~) ([Fig. 3D](#F3){ref-type="fig"}) and the Taylor-Couette flow is axisymmetric, we use the slip length for steady shearing flow between two parallel plates, derived previously by Vinogradova ([@R46]) and McHale *et al*. ([@R18]), for a low-viscosity lubricating layer adjacent to the wall. The resulting slip length and the thickness of the lubricating vapor layer are related by the expression$$\frac{\mathit{b}}{\mathit{h}} = \left\lbrack \frac{\mu_{l}}{\mu_{v}} \right\rbrack - 1$$

Thus, the slip length scales with the thickness of the vapor film *h*, augmented by the viscosity ratio of the two fluids μ~l~/μ~v~. A high viscosity ratio between the skewed liquid water and the local water vapor layer adjacent to the wall is essential to achieving a large slip length and therefore a high level of drag reduction.

Given that the viscosity ratio for water (at *T*~w~ = 91°C) and its saturated vapor is approximately μ~l~/μ~v~ = 25 ([@R47]) and that the fitted slip length is *b* = 1.04 ± 0.26 mm, Eq. [6](#E6){ref-type="disp-formula"} can be used to calculate the expected thickness of the vapor film to be *h* = 44 ± 11 μm, in agreement with the range of experimentally measured values for a Leidenfrost film ([@R48], [@R49]). Knowing the geometry of the rotor and the Taylor-Couette flow cell, we can estimate the vapor volume fraction to be on the order of 10^−3^. Using this value for the vapor film thickness, the expected locus of the vapor-water boundary lies within the viscous sublayer, and the laminar assumption is valid. We note that, in the above calculation, we assume that the vapor film that encompasses the rotor surface has a uniform axial thickness, although, in practice, because of natural convection, the thickness of the vapor film will also vary along the axial length of the rotor. Assuming a stable laminar vapor film with a smooth vapor-liquid interface, previous studies have analytically addressed film boiling heat transfer in a manner similar to that for laminar film condensation ([@R50]--[@R52]). For film boiling on a vertical surface with a length scale of a few centimeters, the analytical results agree well with experimental data ([@R53]). In our experimental setup, the vertical surface has an axial length of *L* = 40 mm. This allows us to model the film boiling using the laminar film vapor flow approach, and the maximum thickness *h*~max~ of the vapor film is calculated to be$$\mathit{h}_{\text{max}} = \left( \frac{4\mu_{v}\mathit{k}_{v}\mathit{L}(\mathit{T}_{w} - \mathit{T}_{\text{sat}})}{\rho_{v}(\rho_{l} - \rho_{v})\mathit{g}\mathit{H}_{lv}} \right)^{\frac{1}{4}} = 88~\mu m$$where μ~v~ = 1.2 × 10^−5^ Pa⋅s and *k*~v~ = 0.016 W/(m⋅K) are the viscosity and thermal conductivity of the saturated water vapor, respectively. *T*~w~ − *T*~sat~ = 25 K is the wall superheat, ρ~v~ = 0.59 kg/m^3^ is the density of the saturated water vapor, ρ~l~ = 9.65 × 10^2^ kg/m^3^ is the density of water at 91°C, *g* = 9.8 m/s^2^ is the gravitational acceleration, and *H*~lv~ = 2.265 × 10^6^ J/kg is the latent heat of vaporization. This simple model of course neglects the additional effects of centrifugal forces caused by the rotation, as well as possible vortices and bubbles that are generated in vapor film boiling ([@R53], [@R54]), all of which cause additional fluctuations in the instantaneous film thickness profile. Nevertheless, the estimated vapor film thickness determined in our experiments is in agreement with the analytically calculated vapor film thickness. We note that, in our experiment, the vapor film volume (thickness) has a weaker dependence on the axial length (*h* \~ *L*^1/4^), in comparison with the gas concentration dependence on the axial length in bubbly turbulent Taylor-Couette flows ([@R55]). This difference arises from the distribution of the gas phase. In our experiment, the vapor phase is located as a continuous film almost entirely adjacent to the liquid-solid interface, rather than distributed throughout the Couette cell as expected in a bubbly turbulent flow. The vapor film completely envelops the rotor, forming an annular channel at the liquid-solid interface through which vapor can vent and escape.

Our results show that substantial friction reduction can be obtained at a steady state, provided that power is actively supplied to sustain the boiling film and prevent the collapse of the Leidenfrost state. We have demonstrated that using a textured superhydrophobic surface can substantially reduce the required power input. For large waterborne vehicles, this thermal energy would, in principle, be supplied by the waste heat generated from vehicle engines. In the current experimental setup, the energy efficiency, estimated by calculating how much power is saved in skin friction reduction ((*T*~passive~ − *T*~active~)ω) as a fraction of the electric power *Ŵ* inputted to sustain the boiling film (*Ŵ* = 40 W), is less than 1% ((*T*~passive~ − *T*~active~)ω/*Ŵ* \< 1 %). For certain military applications, such as torpedoes, where energy efficiency is a secondary consideration to gains in vehicle speed, the high-percentage skin friction reduction of our current approach offers major advantages. Further, this technology only requires the delivery of heat to the hull surface. Therefore, it is possible to use it as a complementary technology to other drag reduction methods on water vehicles, such as microbubble injection or polymer drag reduction ([@R4], [@R8]).

CONCLUSIONS
===========

In summary, we have demonstrated skin friction reduction in excess of 90% in turbulent Taylor-Couette flows at *Re* = 52,200. The creation of a low-temperature Leidenfrost state with a continuous and thick vapor film in between the rotor and the water leads to an apparent slip layer and reduction in the average shear stress acting on the rotor, which can be quantitatively described by a slip boundary layer theory. The large thickness of the vapor film, amplified by a factor that depends on the ratio of the liquid and vapor viscosities, results in a slip length of *b* ≃ 1 mm, which is two orders of magnitude larger than that achieved by a passive superhydrophobic surface in the same test geometry ([@R7]). The microtextured superhydrophobic surface we have developed reduces the wall superheat conditions that are required to less than *T*~w~ − *T*~sat~ ≤ 25 K and greatly reduces the heat flux that must be delivered to sustain the plastron film. Turbulent fluctuations at high *Re* can lead to degradation in the levels of friction reduction, but the constant generation of steam in the boiling film allows for replenishing of the continuous vapor layer, and this leads to sustained drag reduction.

MATERIALS AND METHODS
=====================

Fabrication of the Taylor-Couette rotor
---------------------------------------

The Taylor-Couette rotor was machined manually from a solid 6061 aluminum cylinder. As shown in fig. S1, the rotor has a diameter of 28 mm with a surface finish of 8G in the lower section. The top section features notched radii: The larger one allows for boiling steam to vent from the Taylor-Couette cell, and the smaller one enables interfacing with the stem of the rotor. A recess was bored into the lower axial face of the rotor to trap a bubble of air when the rotor was submerged and to reduce additional frictional end effects under rotation. An additional recess was bored into the top face of the rotor, into which the cartridge heater (McMaster-Carr, model 3618K352, with a stainless steel sheath and a maximum power rating of 250 W) was inserted. The wire leads of the heater were cut, resoldered with an 18-gauge magnet wire, and passed into the rotor's stem.

To prevent the leakage of thermal energy from the heated rotor into the body of the rheometer, Torlon PAI (Solvay) was selected as the appropriate material for fabricating a thermally insulated stem that connects the rotor to the rheometer. The stem was turned and bored manually using a carbide tool to a surface finish of 16G and fabricated with holes at both ends that interfaced with the motor shaft of the rheometer on top and with the aluminum rotor at the bottom. Radial holes drilled through the stem allowed the leads of the heater to pass through and dip into the liquid metal channels.

Preparation and characterization of the superhydrophobic surface
----------------------------------------------------------------

The fabricated rotor was immersed in a beaker containing 70-ml 18 wt% hydrochloride solution for 90 s to introduce random microscale surface roughness through an etching process. This was followed by immediate withdrawal from the etching solution, washing with excess deionized water, and then sonication in clean water for 30 min. Before coating with a fluorosilane hydrophobizing agent, the rotor was washed with acetone to remove any residual oil contamination from the machining process. After sonication, the rotor was dried in an air stream at room temperature before thermal treatment at 600°C for 24 hours to induce a passivation layer on the metal. The textured and passivated metal was rendered superhydrophobic by immersing in a solution of perfluorooctyltriethoxysilane in hexane (7 μl/ml) for 24 hours, followed by baking in an oven at 120°C for 1 hour to ensure the chemical bonding of silane molecules to the surface.

To characterize the superhydrophobic surface created through this process, a flat 6061 aluminum coupon was treated in the same way and was characterized using scanning electron microscopy (JEOL 6010LA) and atomic force microscopy (Veeco Nanoscope V with Dimension 3100, D31005-1) in the tapping mode using a silicon probe (Bruker, MPP-11100-10). The contact angle measurements and the lifetime of a drop experiment were conducted with a goniometer (ramé-hart, model 590).

Fabrication of the Taylor-Couette cell
--------------------------------------

The wide-gap Taylor-Couette cell was fabricated in the Edgerton Student Shop at the Massachusetts Institute of Technology. Two plates of 6061 aluminum were turned manually to a diameter of 149.9 mm and thicknesses of 10.2 and 22.9 mm, with a surface finish of 8G. Blind holes were bored on each side of the thicker plate. The first of these holes (diameter, 106.1 mm; depth, 7.6 mm) was used to connect to the Peltier plate of the AR-G2 rheometer via a tight sliding fit, whereas the second (diameter, 74.9 mm; depth, 6 mm) included an undercut that housed an O-ring. An identical blind hole with a seal was also bored into the thinner aluminum plate, and a glass cylinder was housed between the two plates by inserting each end into the sealed blind hole of one of the plates. Finally, a through-hole was bored into the thinner plate, with a diameter 2 mm larger than that of the Taylor-Couette rotor, such that it could be inserted and retracted vertically from the cell.

Fabrication of the liquid-metal contact setup
---------------------------------------------

The liquid metal used was a eutectic alloy of gallium, indium, and tin, with a ratio of Ga 68.5%/In 21.5%/Sn 10% by weight. The liquid metal holder was fabricated by milling U-shaped channels into a single plate of polycarbonate using a computer numerical control machine with high-speed steel tooling. A surface finish of 16G was achieved. When not in use, the eutectic was stored under 1 M HCl to prevent oxidation by air.

Setup and experimental procedure
--------------------------------

The Taylor-Couette cell was mounted to the Peltier plate of a TA Instruments AR-G2 rheometer and filled with preheated deionized water. The Peltier plate was used to preheat the water temperature to 86°C. The polycarbonate holder with concentric channels containing liquid metal was placed on top of the cell. The superhydrophobic rotor was then attached to the rheometer via its plastic stem. Before the rotor was submerged in water, a variable autotransformer (Variac) was connected directly to the leads of the heater, and the rotor was heated to 160°C in air. The autotransformer was then disconnected from the heater, and the hot rotor was plunged into the Taylor-Couette cell, resulting in immediate film boiling on the surface of the rotor. The leads of the heater were then submerged in the liquid metal, and the autotransformer was connected to send power (40 W) to the heater cartridge through the liquid metal connector. In the sample test shown in [Fig. 4](#F4){ref-type="fig"}, the speed of the rotor was increased to 60 rad/s over 1 min and maintained throughout the experiment. After 5 min, the power supplied by the autotransformer was gradually decreased to zero to avoid transient current spikes. The experiment then continued for another 10 min while the thermal energy in the rotor was transferred into the viscous liquid and dissipated until the film boiling was lost. The torque required to maintain the rotor at the same speed was recorded over the entire heated and unheated periods. To measure the torque that the liquid metal exerted on the moving wire leads, we deducted the total torque measured when the rotor was maintained at the same speed, without active heating, and not in contact with liquid metal from the total torque measured when the rotor was running under the same condition but with the leads in contact with liquid metal.
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fig. S1. Geometry of the Taylor-Couette rotor used in the present friction drag reduction experiments.

fig. S2. Hurst exponent plot for the chemically treated and textured surface.

fig. S3. Restoration of a low-temperature Leidenfrost film and drag-reducing state upon first ceasing, and then restoring, electrical heating of the Taylor-Couette rotor at *Re* = 52,200.
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